Abstract Deficits in postural control are one of the hallmarks of disability in children with cerebral palsy (CP). Yet, much remains unknown regarding the etiology of postural deficits in these children. Here we evaluated postural control at a simplified task level by measuring head stability during quiet sitting while systematically manipulating the level of trunk support and vision in 15 children with CP (6-16 years), 26 typically developing (TD) children (4-14 years), and 11 adults. While TD children did not differ significantly from adults, children with CP had greater head movement than adults in both the sagittal and frontal planes under all conditions except frontal plane movement with Torso Support. Vision did not affect head stability in the sagittal plane for any group while it had differential effects on head stability in the frontal plane. Lack of vision improved head stability in adults and older TD children while destabilizing the head in young children (TD and CP) during the most unstable sitting position. Moreover, vision affected children with CP differently depending on their movement disorder. Children with spastic CP performed worse with eyes closed while those with dyskinetic CP had improved head stability with eyes closed. Our results demonstrate that children with mild to moderate CP have deficits in head stability even during quiet sitting.
Introduction
Deficits in postural control are one of the hallmarks of disability in children with cerebral palsy (CP) (Bax et al. 2005; Rosenbaum et al. 2002) . One of the primary goals of postural control is to stabilize the head in space (Pozzo et al. 1990; Prince et al. 1994; Assaiante and Amblard 1995) . The sensory organs for visual and vestibular systems are embedded in the head, making refined head control of critical importance for both orientation and balance. Studies of head control in children with CP have shown increased head movement during transitions between postures (Dan et al. 2000) , during reaching (Saavedra et al. 2009 ) and even when making visual saccades (Jacobson and Dutton 2000; Good et al. 2001; Saavedra et al. 2009 ). Studies of sitting postural control have demonstrated increased sway in the frontal plane in children with spastic CP compared to TD peers during both static and dynamic conditions . Studies examining sitting control during surface perturbations have shown that children with spastic CP have increased frequency of antagonist activation, increased number of muscles recruited and a tendency for rostral to caudal muscle recruitment (Brogren et al. 1996 (Brogren et al. , 2001 ). These researchers have suggested that ''top down'' recruitment of postural muscles may be a strategy used by children with CP to ensure stabilization of the head in space. Taken together these studies indicate that children with CP are unable to adequately stabilize their head in space during dynamic tasks and this may be related to immature or abnormal patterns of trunk muscle activation.
It is unknown whether head instability in children with CP is related to coordination for dynamic tasks such as reaching or if there is an underlying deficit of postural control that constrains head stability even during quiet sitting. To our knowledge, no studies have examined postural constraints in regard to head stability in children with CP. Therefore, we have undertaken an evaluation of the contributions of trunk control and vision to head stability during quiet sitting in children with CP. Examination of the mechanisms of postural control at this basic foundational level may yield critical information regarding constraints on postural control in children with CP.
Adults vary the movement patterns of distal joints (Buchanan and Horak 1999; Pozzo et al. 1990; Hsu et al. 2007; Nadeau et al. 2003) , grade timing and amplitude of trunk muscles (Prince et al. 1994; Winter 1995; de Seze et al. 2008) , and alter the head/neck control strategy (Nashner 1985; Assaiante and Amblard 1995; Keshner et al. 1999 ) in order to attenuate head movement during dynamic tasks. Upright control of the head emerges in typically developing (TD) infants at 3-4 months of age. Thelen and Spencer (1998) suggested that head stability is a skill that needs to be relearned or reorganized each time a new balance problem is confronted; yet development of head stability has received relatively little attention from posture control researchers. Little is known about the developmental process in regard to task-specific attenuation of head movement until children begin to ambulate. Ledebt et al. (1995) demonstrated that toddlers are able to attenuate the peak-to-peak amplitude of head movement by adjusting the movement patterns of distal joints within 10-15 weeks of the onset of independent ambulation. Assaiante and Amblard (1995) examined head stabilization strategies in TD children and adults and presented evidence of four successive developmental periods. TD children do not approach the full adult like repertoire of head stabilization strategies until after 8 years of age (Assaiante 1998) . While these studies have investigated head control in typical children and adults during dynamic activities, and many studies have evaluated steady-state postural control using global measures of postural control (center of mass or center of pressure), we are not aware of any studies examining the development of head stability during quiet sitting.
In a previous study of eye-hand coordination, we used three postural conditions while sitting on a bench: (1) No Support, (2) Pelvic Support (hip/pelvic strapping system provides stabilization to the legs and aligns the trunk vertically with minimal reduction in degrees of freedom) and (3) Torso Support (vertical alignment with reduced degrees of freedom in the trunk). The results of the previous study suggested that children with CP may have deficits in trunk control (Saavedra et al. 2009 ). The same support conditions were used in this study to examine the contribution of trunk control to head stability. We hypothesized that children with CP as well as young TD children (4-6 years) would have immature or deficient trunk control and we predicted that this would result in greater instability of the head in No Support or Pelvic Support condition and no difference from typically developing older children or adults in head stability when rigid support was provided at the torso. Ferdjallah et al. (2002) showed that ML and transverse plane motion were significantly increased in young TD children and children with CP during eyes closed testing when standing quietly. Other studies using posturography have shown a significant increase in sway measures with eyes closed while standing on unstable surfaces, with lesser, frequently non-significant changes when standing on stable surfaces with eyes closed (Cherng et al. 1999; Liao et al. 1997 Nashner et al. 1983) . All of these studies used global measures of postural control (COM, COP) and thus did not explicitly examine the effect of vision on head stability. We examined the contribution of vision to head stability by asking subjects to open or close their eyes during quiet sitting at each level of support. We predicted that the head would be more stable for all subjects with eyes open and that subjects who depended strongly on visual input (younger TD children and children with CP) would have significantly greater instability of the head with eyes closed.
Thus, the primary goal of the current study was to examine the contributions of trunk control and vision to head stability during quiet sitting in children with CP. For this purpose, kinematic data were recorded from children aged 4-16 years with and without CP as they sat quietly with eyes open or eyes closed with different levels of external postural support. Results were compared with those from a group of healthy young adults.
Methods

Subjects
Fifteen children with CP (ages 6-16) who were participating in another study were recruited for this study. Data from 11 young healthy adults (ages 22-30) and 26 typically developing children (ages 4-14) were used for comparison. All children who completed the study had parental report of normal or corrected to normal visual acuity. Eligibility criteria for children with CP included: a diagnosis of CP (Gross Motor Function Classification System (GMFCS) I, II or III), ability to sit independently on a bench, and ability to follow simple directions. The Gross Motor Function Classification System classifies the gross motor function of children and youth with CP on the basis of their selfinitiated movement with particular emphasis on sitting, walking, and wheeled mobility (Palisano et al. 2008) . Children with more severe motor disability (GMFCS IV and V) were excluded from the current study because they were unable to sit independently on a bench. All children with CP selected for the study were assessed using a complete neurologic and musculoskeletal exam by a board certified neuro-developmental pediatrician. Table 1 shows demographics for the children with CP. History and etiological details were limited in some cases due to children not residing with their birth parents and/or not having MRI reports available. The study was conducted in accordance with the declaration of Helsinki guidelines and had ethical approval from the Human Subjects Committee at University of Oregon. Written consent was obtained from participants and/or their legal guardians prior to beginning the data collection.
Experimental tasks
Magnetic tracking (Ascension Minibird system) was used to collect head sway while the children performed alternating eyes open/eyes closed trials. Sampling frequency was 60 Hz. The magnetic tracking system had a recording volume of 1 m 3 with a spatial accuracy of 1.8 mm. One sensor was attached to the center of the forehead just above the eyes using a headband. Participants sat on a bench facing a computer screen with feet on the floor or on a stool. They were instructed to ''sit still like a statue'' with arms folded across their torso. The participant began with fixation on a visual cue and subsequently closed or opened their eyes in response to auditory beeps and disappearance or reappearance of a fixation cue. Each trial consisted of 60 s of quiet sitting with alternating eyes open/eyes closed conditions (15 s each). An attendant remained in the room with the children to observe and reinforce correct responses. Trials were completed under three different levels of external trunk support (Fig. 1 ). In the No Support condition, participants sat on the bench with no additional support; this allowed evaluation of the child's most natural, well-practiced responses. In the ''Pelvic Support'' condition, straps were used to stabilize the thighs and pelvis, and to ensure vertical alignment of the pelvis. In the Torso Support condition, a rigid external support was placed around the trunk at the level of the xiphoid process in addition to the pelvic support straps. The three support conditions were completed in a counterbalanced order across subjects. This data collection was included during the course of a broader study. The full data collection time was *90 min per child. The data collection for this set of experimental tasks was 15 min. Due to the length of the total data session, we chose to keep this segment minimal. t tests for each group verified that there were no significant group differences between trial 1 and trial 2 of eyes open or eyes closed. We averaged across the two trials to reduce the effect of intra-subject variability.
Data reduction
Head movement was digitized for off-line analysis using custom Matlab programs. Data were parsed and segmented (10 s per condition), by discarding 4.5 s from the beginning of each condition and 0.5 s from the end of each condition to eliminate any transitional instability between eyes open and closed tasks. This resulted in two trials for eyes open and two trials of eyes closed for each level of support. Trials were discarded if the attendant noted that the child failed to open or close their eyes, failed to keep eyes closed on no vision trials, or turned their head during the trial. During data analysis, further trials were discarded if obvious artifacts were present. Data were filtered with a zero lag fourth-order low-pass Butterworth filter (cut off frequency 5 Hz) prior to calculating dependent variables. Variables were averaged across trials for eyes open and eyes closed conditions, resulting in six trials for each individual. We calculated dependent variables from three types of measurement: (1) a displacement-related measure, root mean square (RMS), (2) rate-related measures (mean velocity (MV), variability of speed (RMSV)), and (3) a frequency-related measure (frequency below which 95% of the power is found (P95)) in sagittal and frontal planes of movement. These variables were used by Maurer and Peterka (2005) when creating their model for interpretation of sway data. Maurer and Peterka's simple model of postural sway can be used to formulate hypotheses regarding the physiological processes that contribute to changes in sway dynamics. They analyzed the relationships between sway measures (which provide only a parametric description of sway) and underlying model parameters (which describe physiologically meaningful features of postural control) and showed that displacement-related variables (RMS and others) were positively correlated with time delay and noise level but negatively correlated with stiffness, while rate-related measures (specifically RMSV and MV) were positively correlated with stiffness, time delay and noise. Thus, an increase in active stiffness is associated with decreased amplitude (RMS), paired with increased mean velocity (MV). Similar findings have been demonstrated during instructed trunk muscle co-activation in healthy adults (Reeves et al. 2006) . Therefore, if active stiffness is used as a postural control strategy, we would expect to see decreased RMS concurrent with increased MV.
Statistical analysis
Mixed within/between repeated measures ANOVA (SPSS version 17.0) was used to evaluate the effect of vision and support on subjects grouped by age, and diagnosis. CP groups (6-9, 10-16 years) were compared with TD children (4-6, 7-9, 10-14 years) and adults. These age groups were chosen because 4-6 and 7-9 have been shown to be transitional periods in posture (Shumway-Cook and Woollacott 1985) and feedback control (Hay 1981; Kirschenbaum et al. 2001) . Typical children aged 10 and older have more adult like posture. These age groups allowed us to compare children with CP with same age peer groups as well as with younger groups to assess the possibility of developmental delay. A priori polynomial contrasts were used to determine the effects of support and UCLA Stats technique for analysis of three-way interactions was used as needed. Post hoc Tukey tests were used to examine differences between groups and paired t tests were used to examine differences within groups. Etta square (g 2 ) was calculated as a measure of effect size. When the data sets lacked sphericity (between group factors had significantly different variances), GreenhouseGeiser corrections were used to assure validity of effects.
Results
Figure 2 shows group means for each dependent variable as well as statistical results for group effects. For all variables, the group effect was due to significant differences between children with CP and adults. Overall, these results show that for the sagittal plane, measures of variability (AP_RMS and AP_RMSV) decreased progressively as external support was increased while frequency distribution (AP_P95) and speed (AP_MV) decreased primarily in the Torso Support condition. Vision did not influence head stability in the sagittal plane. Children with CP had greater displacement and speed of movement but similar frequency distribution in the sagittal plane when compared to typical subjects (Fig. 2) . They were affected similarly to typical subjects by external support and vision.
Frontal plane
All variables for the frontal plane had interactions except frequency, which had a main effect of support (ML_P95: F (2,92) = 4.388, p = 0.015, g 2 = 0.087, quadratic contrast F (1,46) = 5.032, p = 0.03, g 2 = 0.099) and no other main effects or interactions.
Across all groups, the effect of support on rate-related measures (ML_MV, ML_RMSV) differed depending on vision (support 9 vision interaction: ML_MV: F (2,92) = 6.084, (Fig. 4a) . For this variable, the interaction between support and vision differed depending on group (group 9 support 9 vision interaction: F (10,92) = 3.596, p \ 0.0005, g 2 = 0.281). Examination of the data revealed that this was the result of a two-way interaction (group 9 vision) that differed depending on the level of support. With No Support, the effect of vision depended on group (group 9 vision interaction: F (5,46) = 2.89, p \ 0.025, g 2 = 0.201). Paired t tests revealed that the adults had significantly reduced ML_RMS with eyes closed at this level of support (adult: t (10) = 5.792, p \ 0.0005). No other groups had significant differences in ML_RMS across visual conditions at this level of support. There was a main effect of group, but there was not a main effect of vision (p = 0.511). In the Pelvic Support condition (Fig. 4b) , there was a main effect of vision (F (1,46) = 8.254, p = 0.006, g 2 = 0.152), a main effect of group (F (5,46) = 5.822, p \ 0.0005, g 2 = 0.388) and an interaction (group 9 vision: F (5,46) = 5.246, p = 0.001, g 2 = 0.363). Examination of means indicates that younger children (TD 4-6, TD 7-9 and CP 6-9) had increased ML_RMS with eyes closed, while older children (TD 10-14, CP 10-16) and adults had decreased ML_RMS with eyes closed (Fig. 4b) . However, paired t tests failed to reach significance between vision and no vision for any of the individual groups (TD 4-6 (t (8) = -1.15, p = 0.13); TD 7-9 (t (9) = -0.545, p = 0.6); TD 10-14 (t (6) = 0.962, p = 0.37); adult (t (10) = 0.712, p = 0.49); CP 6-9 (t (4) = -2.497, p = 0.067); CP 10-16 (t (9) = 0.208, p = 0.84)). Finally, in the Torso Support condition (Fig. 4c) , there was a main effect of vision (F (1,46) = 10.639, p = 0.002, g 2 = 0.188), but the interaction and main effect of group failed to reach significance (group 9 vision: F (5,46) = 2.21, p = 0.07, g 2 = 0.247; group F (5,46) = 2.247 p = 0.065, g 2 = 0.196). Paired t tests revealed decreased ML_RMS with eyes closed for the two oldest groups of TD children (TD 7-9: (t (9) = 2.892, p = 0.018); TD 10-14: (t (6) = 3.178, p = 0.019).
Over all, these results indicate that head stability in the frontal plane is more responsive than that in the sagittal plane to constraints of postural control and vision during quiet sitting. Like the sagittal plane, the pelvic support condition combined with lack of vision was most challenging to head stability (Fig. 3) . Head displacement (RMS) most clearly differentiated age-and diagnosis-related differences in the effect of vision and external support. Across visual conditions, children with CP had significantly greater RMS than adults during No Support and Pelvic Support conditions but did not differ significantly with Torso Support. Lack of vision reduced RMS in adults (No Support), TD 7-9 year olds (Torso Support) and TD 10-14 year olds (Torso Support).
Results for children with CP grouped by movement disorder
We grouped children in this study according to age; however, one of the hallmarks of CP is heterogeneity and our age groups contained children with a variety of movement disorders. The CP group consisted of eight children with spastic CP (3 hemiplegia, 5 diplegia), four children with ataxic CP, two children with dyskinetic CP and one child with mixed spastic and ataxic CP. All of these children had mild to moderate motor disability (GMFCS I, II, or III). Since it is likely that postural control mechanisms vary with the type of movement disorder, we investigated the characteristics of head stability within the CP group by repeating the statistical analysis with children grouped according to movement disorder. Since this analysis increases the number of comparisons using the same data, we adjusted our alpha to accommodate family-wise error (0.05/3 = 0.0167). For this analysis group, differences were considered significant if p value was 0.0167 or below. Figure 2 shows group means and group effects for children with CP grouped by diagnosis (white bars). Of interest to this study is whether trunk support or vision affects children with CP differently based on their movement disorder.
When grouped by diagnostic category, the main effects of support in sagittal plane and vision 9 support interactions in the frontal plane were the same as those reported above for the full study in which children with CP were grouped by age (p values ranged from \0.0005 to 0.042, effect sizes ranged from 0.234 to 0.646). The only difference found in the analysis was for RMS in the frontal plane. For this variable, there was a vision 9 group interaction (ML_RMS: vision 9 dx_grp interaction, F (2,11) = 13.232, p = 0.001, g 2 = 0.477); group, support 9 vision and support did not reach significance at the adjusted level of p = 0.0167. Figure 5 shows the effect of vision for each group across all levels of support. Since this interaction is well below the necessary corrected alpha of 0.0167, we evaluated it further. Paired t tests revealed that RMS decreased for children with spastic CP when vision was present (t (7) = -2.639, p = 0.033), while the opposite effect occurred in children with dyskinetic CP and the child with mixed spastic/ataxic CP. RMS increased in these children when vision was present. However, with only two children having dyskinetic type movement disorders, all information for the dyskinetic group can only be considered descriptive. The children with ataxic CP had no change in RMS across visual conditions (t (3) = 0.313, p = 0.775).
Overall, this additional analysis indicates that spinal control and vision contribute differently to head stability in children with CP depending on the type of movement disorder.
Discussion
Our primary motivation in this study was to investigate the constraints of trunk control on head stability and to determine whether children with CP differed from TD individuals at this basic level of postural control. Children with CP are known to have deficits in head stability during dynamic tasks and to have deficits in postural control during sitting. Our results confirm and expand these findings by providing evidence that children with CP have deficits in head stability even during quiet sitting and that these deficits are modulated by external postural support and vision. We discuss how the manipulation of postural support and vision affected head stability and how these results relate to previous studies of postural deficits in CP. 
Effect of support
We predicted that children with CP would have immature or deficient trunk control and that this would result in greater instability of the head in No Support or Pelvic Support condition and no difference from typically developing peers or adults in head stability when support was provided at the torso. Our prediction was correct for the frontal plane; however, children with CP had significantly greater amplitude and velocity of head movement in the sagittal plane even with Torso Support. Nevertheless, the effect of support was similar. Across all subjects and both planes, there was a significant effect of support, with reduced amplitude and velocity of head movement during Torso Support and evidence of active stiffness strategy during Pelvic Support. Maurer and Peterka (2005) have shown that an increase in active stiffness is associated with decreased amplitude (RMS), paired with increased mean velocity (MV). Our results from the sagittal plane, Pelvic Support condition, are consistent with this effect. Across all groups providing such support led to decreased RMS relative to the no support condition while mean velocity (MV) either increased or remained the same. In the frontal plane, there was similar evidence of active stiffness during pelvic support with eyes closed for adults and older children (TD 10-14, CP 10-16) but not for younger children (TD 4-6, TD 7-9, CP 6-9) and not for any groups with eyes open. This indicates that vision was adequate to stabilize frontal plane head movement during the pelvic support condition, and that there may be a developmental progression in the ability to use active stiffness for frontal plane stability. It is interesting to note that this is a developmental effect and not related specifically to CP. This may reflect somatosensory or vestibular inefficiency in younger children, or it may imply that the active stiffness strategy in the frontal plane is a more complex motor skill that has not yet fully developed in young children.
Indeed, there is support in the literature for sensory developmental refinement of proprioceptive control during stable situations in TD children (Steindl et al. 2006; Vaugoyeau et al. 2008; Viel et al. 2009 ). Deficits in kinesthesia have been reported in children with CP (Cooper et al. 1995; Lesny et al. 1993 ); however, a developmental trend for somatosensory refinement has not been demonstrated in children with CP. To our knowledge, the ability to use muscle co-activation for mediallateral stability has not been investigated in children with or without CP.
It is possible that the command ''sit still like a statue'' may have increased trunk muscle co-activation and thus increased active stiffness. However, the same command was given to all participants and for all support conditions. Nevertheless, the active stiffness was present only for the pelvic support condition and was present across all groups for the sagittal plane and only the older subjects (adults, TD (10-14), CP (10-16)) for the frontal plane. Thus, we believe that the postural challenge of vertical trunk alignment and not the instruction contributed to the active stiffness strategy.
All measures of head sway (displacement, rate and frequency) were reduced in the Torso Support condition compared to No Support or Pelvic Support across all groups and both planes. We propose that the reduction in sway resulted from biomechanical factors (reduced degrees of freedom, shorter lever arm, reduced intrinsic perturbations that result from respiration, and increased passive stiffness) as well as enhanced somatosensory information through tactile input from the support device (Jeka and Lackner 1994) . In spite of reduced biomechanical challenges, children with CP continued to have significantly greater amplitude and velocity of head movement than adults in the sagittal but not in the frontal plane. This suggests that basic postural mechanisms for head stability in the sagittal plane may be deficient in children with CP and that these deficits are in central control mechanisms, not just related to biomechanical challenges or to trunk motor control.
Evidence exists that children with CP may have deficits in the primary sensory systems that contribute to postural control. In addition to kinesthetic deficits mentioned above and visual deficits addressed in the next section, there is evidence that children with CP may have vestibular hypofunction (Secretan, 1972; Bodensteiner et al. 2003; Chee et al. 1978) . It has been consistently demonstrated during posturography that sensory conditions in which children must rely primarily on vestibular cues cause instability and frequent falling in children with spastic CP (Cherng et al. 1999; Liao et al. 1997 Nashner et al. 1983) . Postural sway during quiet sitting should be below the sensory threshold for semi-circular canals; however, input from the vestibular otoliths contributes significantly to stability of the head during sitting with eyes closed (Blouin et al. 2007) . While these data suggest that vestibular sensitivity may constrain postural stability, we are not aware of any research explicitly examining otolith function in children with CP.
In contrast to the sagittal plane, our results for the frontal plane provide evidence that children with CP have deficits in medial-lateral trunk control. These children are capable of better frontal plane head stability when the demands for trunk control are reduced. Previous studies using global (COP) measures of postural control demonstrated greater instability in the frontal plane for children with CP compared to TD peers during quiet sitting and quiet standing Ferdjallah et al. 2002) . Our results expand these findings by demonstrating that medial-lateral trunk movement contributes to increased sway.
Effect of vision
We predicted that lack of vision would increase postural sway and that subjects who depended strongly on visual input (young TD children and children with CP) would have significantly greater instability of the head when vision was absent. Vision did not affect head stability in the sagittal plane; however, for the frontal plane, the response to vision differed depending on level of support and group. We found that vision did not affect head stability for the youngest TD group (Fig. 4) or children with ataxic CP (Fig. 5) at any level of support. Lack of vision resulted in less, not more, sway in the adults and older TD groups with No Support or Torso Support, respectively (Fig. 4) . A similar effect of reduced sway amplitude with eyes closed was seen in children with dyskinetic CP, while children with spastic CP had increased amplitude of head movement with eyes closed across all levels of support (Fig. 5) . This differential effect of vision on sway in children with CP has not previously been reported. It must not be overstated at this time because of small sample sizes; however, the effect sizes are large and the concept is worthy of future investigation. Riach and Hayes (1987) showed that young children (\6 years), unlike older children and adults, swayed less with eyes closed than with visual fixation. They attributed this phenomenon not to improved postural control with eyes closed but to increased sway with eyes open due to difficulty maintaining visual fixation. We suggest that this explanation also applies to our findings of reduced sway with eyes closed in children with dyskinesia. Children with dyskinetic CP have been shown to have dyskinetic eye movements and the additional effort of attempting to control their vision results in increased movement of the body ).
While we had predicted increased sway with eyes closed, it is interesting to note that only the children with spastic CP had this effect; while TD children had no difference or reduced amplitude of head movements with eyes closed in sitting. This raises questions regarding the efficiency of postural control in children with spastic CP. Could deficits in primary sensory systems for postural control be affecting head stability in children with spastic CP at this foundational level? The stable sitting surface in addition to external supports should have enhanced somatosensory processing, yet children with spastic CP had increased sway with eyes closed across all levels of support, suggesting the possibility of deficits in this system or in the vestibular system. As noted above, longitudinal quantitative studies of sensory perception are lacking in children with CP.
It is known that head stability varies depending on the demands of the task (Assaiante and Amblard 1993; Buchanan and Horak 1999; Keshner et al. 1999) . Moving during a static position could be a good strategy to constantly update the stability limits especially when the eyes are closed. However, we have been interpreting less sway as an indication of better control throughout this discussion. We believe that our task instruction of ''sit still like a statue'' encouraged reduction of sway if it was possible for the control system. In addition, we use the response of the adult subjects as a representation the ''gold standard'' of postural control. Thus, in conditions when adults had reduced sway, we use reduced sway as an indication of better control.
Clinical significance
This study produced new information regarding the effects of vision and postural support on fundamental levels of postural control in children with mild to moderate CP. Recording head kinematics provided more specific information about the mechanisms of trunk control in children with CP and has direct implications for visuomotor skills.
Since head movement directly influences visual acuity (Braswell and Rine 2006) , we hypothesize that the ability of children to attenuate head movement will have a significant impact on reading, writing and other academic skills. Our results suggest that children with mild to moderate CP may be working harder than their peers to stabilize their vision for academics. Most ophthalmologists evaluate and adjust prescriptions based on head fixed testing. It may be necessary to confirm visual acuity with head free testing to account for the contributions of postural control to acuity in children with mild to moderate CP.
In children with dyskinetic CP oculomotor control may be a primary postural constraint. Assessing postural sway with eyes open and eyes closed may help differentiate those children who are most likely to benefit from training of visual motor skills. Specifically, training visual fixation in children who have reduced sway with eyes closed may contribute to improved head stability and thus to improved postural control.
The Pelvic Support condition used in this study offers a good position from which to assess postural control in children with CP. Previous studies of sitting in children with CP have used different postures of the legs (straight or crisscross, to accommodate tight hip muscles in children with CP) (Brogren et al. 1996 (Brogren et al. , 2001 or different seat inclination angles (Hadders-Algra et al. 2007 ); however, these did not guarantee a vertical alignment of the spine.
The current technique gives solid vertical alignment without decreasing the degrees of freedom. It is comfortable and well tolerated by children because it does not require significant hip muscle range of movement.
Limitations
The model of postural control (Maurer and Peterka 2005) that we used in interpreting the physiological meaning of our results was created using sway parameters acquired from COP in standing subjects. We used a smaller pendulum (sitting vs. standing); however, Reeves et al. (2006) also used sitting and showed results consistent with Maurer and Peterka's model for active stiffness. We used a kinematic marker for specific information about head stability while Maurer and Peterka (2005) and Reeves et al. (2006) used COP or COM of the entire body. Our interpretation assumes that the relationship among the sway variables would be similar whether they were measured globally or locally at the head.
The children evaluated in this study were children with less severe motor deficits (GMFCS I, II and III). Nevertheless, these children exhibit deficits in head stability during quiet sitting. It is frequently assumed that children with poor trunk control benefit from additional external support. Further studies are currently under way in our lab to assess the influence of external support on head stability in children with more severe motor deficits (GMFCS IV and V).
Another limitation is that our results are confounded by small sample size and from re-sampling the data for further exploration of CP postural control mechanisms. Nevertheless, the effect sizes are relatively large for these variables, suggesting that robust differences exist. As such, these data support the need for further studies examining basic postural mechanisms for head stability and trunk control in children with CP.
Conclusions
Previous studies have examined postural control in children with CP using global measures of stability. We examined the influence of trunk control on head stability in children with and without CP. To our knowledge, no other studies have looked at such a basic level of postural control. Our results suggest that children with CP may have deficits in basic postural mechanisms for head stability in the sagittal plane and deficits in trunk control that affect head stability in the frontal plane. In addition, the influence of vision on frontal plane head stability in children with CP depends on the type of movement disorder (spastic, ataxic, dyskinetic).
